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Abstract 1 
Zebu (Bos indicus) is a domestic cattle species originated in the Indian subcontinent and now 2 
widely domesticated in several continents. In this study, we are particularly interested in 3 
understanding the functionally active rumen microbiota of an important Zebu breed, the Gir, 4 
under different dietary regimes. We compared metagenomic and metatranscriptomic data at 5 
various taxonomic levels to elucidate the differential microbial population and its’ functional 6 
dynamics in Gir cattle rumen during different roughage dietary regimes. Different proportions 7 
of roughage rather than the type of roughage (dry or green) modulated microbiome composition 8 
and the expression of their gene pool. Fibre degrading bacteria (i.e. Clostridium, 9 
Ruminococcus, Eubacterium, Butyrivibrio, Bacillus and Roseburia) were higher in the solid 10 
fraction of rumen (P<0.01) as compared to the liquid fraction, whereas bacteria that are 11 
considered to be utilizers of the degraded product (i.e. Prevotella, Bacteroides, 12 
Parabacteroides, Paludibacter and Victivallis) were dominant in the liquid fraction (P<0.05). 13 
Likewise, expression of fibre degrading enzymes and related Carbohydrate Binding Modules 14 
(CBMs) expressed in the solid fraction. When compared metagenomic and metatranscriptomic 15 
data, we found that some genera and species were transcriptionally more active although they 16 
were in low abundance, making an important contribution in fibre degradation and its further 17 
metabolism in rumen. This study also identified some of the transcriptionally active genera like 18 
Caldicellulosiruptor and Paludibacter, whose potential is less-explored in rumen. Overall, 19 
comparison of metagenomic shotgun and metatranscriptomic sequencing appeared to be a 20 
much richer source of information compared to conventional metagenomics analysis. 21 
Key wards: Gir cattle, Fibre degrading enzymes, Metagenome, Metatranscriptome, 22 
Microbiome, Rumen.  23 
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Introduction 1 
Zebu (Bos indicus) is one of the important domesticated cattle species worldwide 2 
especially in tropical countries. Bos indicus compared to Bos taurus is characterized by its heat 3 
tolerance [12] as well as  resistance and resilience to parasites [40, 73].  India harbours rich 4 
genetic diversity of zebu cattle with currently 40 registered breeds at National Bureau of 5 
Animal Genetic Resources (NBAGR, India). Among these, Gir is one of the best milk 6 
producing indigenous cattle breed [9]. As a result of such profitable qualities, initially Gir cattle 7 
were used for improvement of breeds in Brazil [49] and then globally, mainly in African and 8 
Southeast Asian countries as well as the United States [61]. Despite such valued characteristics, 9 
the scientific studies targeting the microbial diversity and their function in Gir cattle rumen are 10 
missing from the literature. 11 
Ruminants fulfil their nutritional requirements through grazing. However, the enzymes 12 
required for breakdown of plant constituents are absent in these animals and therefore they rely 13 
on the microbial symbionts residing in their rumen, an anaerobic fermentation sack, where 14 
breakdown of complex plant polymers occurs by enzymatic process of various microbes [23]. 15 
Rumen harbours a unique consortium of microbes which has been evolved into a complex and 16 
efficient system of lignocellulose degradation. This panel of enzymes are collectively known 17 
as Carbohydrate-Active enZYmes (CAZymes) and have been studied in cattle and buffalo 18 
rumen [20, 21, 68, 74]. However, it is crucial to understand the expression of such enzymes 19 
under different dietary regimes, especially in animals who thrive on high roughage diet. Among 20 
the microbial symbionts bacteria contribute much more in the ruminal fermentation as 21 
compared to fungi and protozoa. The rumen microbial diversity has been extensively studied 22 
using amplicon [19, 35, 41, 53, 57] and shotgun sequencing approaches [6, 52, 58, 72]. 23 
Considering the microbial composition, diet exerts significant impact on rumen microbial 24 
population [13, 14]. Moreover, the bacterial fermentation products especially Volatile Fatty 25 
Acids (VFAs) in the rumen have a direct correlation with milk production [16, 63]. 26 
Due to certain limitations of amplicon and shotgun sequencing, it is difficult to figure out 27 
which bacteria are actively engaged in fibre degradation and fermentation and what genes are 28 
transcribed. Metatranscriptome sequencing allows understanding of functional dynamics of the 29 
microbial communities. To this date, only a limited number of studies focusing on the 30 
understanding of actively transcribed genes in rumen microbial population have been carried 31 
out [5, 10, 55, 65]. Energy harvesting capacity of the ruminants depends on specific microbial 32 
symbionts [64] and it is also possible to modulate this population for increasing feed efficiency 33 
[38] and milk production [18, 75]. 34 
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We have previously characterized rumen microbiome of Kankrej cattle, Jaffrabadi and 1 
Mehsani buffalo fed with different roughage concentrations in the diet using amplicon and 2 
shotgun sequencing and demonstrated that bacterial community in the liquid and solid fractions 3 
of rumen are diverse and different proportions of roughage in the diet exerted significant impact 4 
on rumen bacterial population [42, 45, 48, 53]. In the present study we further hypothesised 5 
that the importance of the role of bacterial species in the rumen is not only determine by their 6 
abundance but how functionally active they are. The main objectives of this study were to (a) 7 
understand the active bacterial population and their dynamics by comparing metagenome and 8 
metatranscriptome in rumen adopted to different roughage proportions in their diet (b) study 9 
the differentially expressed Carbohydrate Active enZYmes (CAZYmes) during different feed 10 
treatments; and (c) identify feed associated biomarkers of rumen microbiome.  11 
 12 
Materials and Methods 13 
Ethics Statement 14 
All experimental procedures were approved by Institutional Animal Ethical Committee of 15 
College of Veterinary Science & Animal Husbandry, Anand Agricultural University, Anand 16 
vide letter no. AAU/GVC/CPCSEA-IAEC/108/2013 dated 05/10/2013, Anand, Gujarat, India. 17 
Dietary treatments and sample collection 18 
The experimental design and nutritive value of feed is similar to one described in our 19 
previous studies [42, 48, 53]. In brief, eight healthy, female, non-pregnant and non-lactating 3-20 
4 years old, with an average weight of 250-300 Kg Gir cattle were reared at the Livestock 21 
Research Station, Anand Agricultural University, Anand, Gujarat, India (Latitude: 22.527413, 22 
Longitude: 72.97065). Before commencement of the experiment, animals were fed with diet 23 
as per National Royal Commission (NRC) [59] standards, India. The animals were divided into 24 
two groups with four animals each with one group nourished on green fodder as roughage and 25 
another group received dry fodder as roughage along with commercially available concentrate 26 
mixture. The composition of concentrate mixture used was the same as described previously 27 
by Parmar et al. [45] whereas, Sorghum bicolor was used as fodder. Briefly during the 28 
experiment, animals were passed through three dietary treatments which comprised of different 29 
proportions of roughage and concentrate mixture and access to fresh water. During the first 30 
treatment (G1), animals were fed with 50% roughage of respective fodder (Green or Dry) and 31 
50% concentrate mixture; during the second treatment (G2), with 75% roughage and 25% 32 
concentrate mixture; and during the third treatment (G3), with 100% roughage as diet. This 33 
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dietary schedule was followed twice in a day, in the morning and afternoon. Each dietary 1 
treatment continued for six weeks and then switched over to next. Before switching to next 2 
treatment, 500-700mL of rumen digesta was collected 3 hours post morning feeding using 3 
flexible stomach tube attached to vacuum pump. The rumen liquor was fractionated into solid 4 
(fibre) and liquid by filtering through two layered muslin cloth [30]. Each fraction was 5 
separately collected into sterile 2mL cryovials containing 1mL RNA protect Bacterial reagent 6 
(QIAGEN, USA), shipped to laboratory at -20°C and stored at -80°C till further processing. A 7 
total of 48 samples were collected and further processed for sequencing. A schematic 8 
representation of the experimental design is shown in supplementary fig. S1.   9 
DNA and RNA isolation  10 
Total DNA from 600µL liquid or ~0.5g solid samples was extracted using QIAamp 11 
DNA Stool Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. Few 12 
modifications for solid fraction were implemented as described in our previous study [45]. 13 
DNA quantity and quality was examined using Qubit 2.0 Fluorometer (ThermoFisher 14 
Scientific, USA) and gel electrophoresis, respectively. For metatranscriptome sequencing, 15 
RNA was extracted using RNeasy Mini Kit (Qiagen, Germany) according to manufacturer’s 16 
instructions with a few modifications in solid fraction samples. These modifications has been 17 
described in our previous study [15]. Quantity and quality of RNA was estimated using Qubit 18 
2.0 fluorometer and RNA 6000 Nano kit on Agilent 2100 Bioanalyzer (Agilent Technologies, 19 
CA), respectively. Samples with RNA Integrity Number (RIN) > 6 were further processed for 20 
rRNA depletion using RiboMinus™ (Bacterial module) (ThermoFisher Scientific, USA) 21 
following the manufacturer’s instructions. 22 
Metagenomic shotgun and metatranscriptome library preparation and sequencing 23 
 A total of forty eight samples were subjected to shotgun (referred as MG here after) 24 
and metatranscriptome (referred as MT here after) barcoded libraries preparation using 25 
standard 400bp Ion Plus Fragment Library Kit and Ion Total RNA-Seq Kit v2 (ThermoFisher 26 
Scientific, USA) respectively, following the manufacturer’s instructions. Approximately 500 27 
ng of DNA and 250 ng of rRNA depleted mRNA was used for respective library preparation. 28 
Quantity and quality of libraries were determined using Qubit 2.0 Fluorometer (ThermoFisher 29 
Scientific, USA) and Agilent 2100 Bioanalyzer (DNA high sensitivity assay kit, Agilent 30 
Technology, CA), respectively. Total 24 sequencing runs (12 metatranscriptome and 12 31 
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shotgun) were carried out on Ion Torrent PGM (ThermoFisher Scientific, USA) using Ion 316 1 
chip, wherein each run contained 4 barcoded libraries of biological replicate for each treatment.  2 
Taxonomic and functional classification of metagenomic and metatranscriptomic data 3 
To explore the taxonomic composition and functional potential of rumen metagenome and 4 
metatranscriptome, all the sequences were uploaded to the MG-RAST (Metagenomic Rapid 5 
Annotations using Subsystems Technology) server v3.4 [37]. Contaminating host-specific 6 
reads were filtered by mapping the reads against Bos taurus genome UMD v3.0 using bowtie 7 
[29] available within MG-RAST pipeline. Moreover, reads were also dynamically trimmed [4] 8 
with minimum Phred score of 15. Taxonomic classification was performed against RefSeq 9 
database with minimum E-value 1E-5 and minimum identity of 70%. Functional classification 10 
of bacterial hits were performed using KO database with above mentioned parameters. All 11 
analysis was carried out in MG-RAST (v4.0). 12 
Expression of CAZy family genes  13 
We used SortMeRNA [25] to remove rRNA reads from all the 48 metaRNA sequencing 14 
files using all the rRNA database available in this tool. The rRNA cleaned reads were pooled 15 
and de novo assembled using CLC Genomics workbench v7.0 (Qiagen, Germany) with the 16 
parameters: minimum 50% length overlap (among of the extending contig with minimum 17 
identity 80%) and minimum contig length 200bp. Protein sequences of carbohydrate active 18 
enzymes were downloaded from the dbCAN database [77], latest update on 24-July-2016 and 19 
clustered at 80% sequence similarity using Cd-hit [31].  BLASTx search (minimum E-value 20 
1E-6) of all the de novo assembled contigs was performed against the clustered dbCAN 21 
database. For expression analysis, an in-house reference (.gbk) file was prepared using the 22 
contigs found to have hit during BLASTx search. Equal number of representative set of 23 
sequences were used for each comparison and reads were mapped using CLC Genomics 24 
workbench and subsequently expressed in terms of Reads Per Kilo base per Million mapped 25 
reads (RPKM). The RPKM values were log2 transformed and their heatmap was plotted.  26 
Statistical analyses  27 
Statistical Analysis of Metagenomic Profiles (STAMP) v2.1.3 software [44] was used for 28 
multi group comparison using ANOVA with Benjamini-Hochberg FDR corrections  [2] and 29 
Games-Howell Post-hoc test (P <0.05). For two group comparison, two sided Welch’s test [76] 30 
(confidence interval 95%) with Benjamini-Hochberg FDR (P <0.05) was applied.  31 
Paleontological Statistics (PAST) v 2.17c software [11] was used to perform Principal 32 
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Coordinates Analysis (PCoA, Bray-Curtis dissimilarity), calculating diversity indices (1000 1 
Bootstrap, 95% confidence) and performing diversity profiles analysis. PERMANOVA was 2 
used to elucidate the differences in microbial community among the two different fractions as 3 
well as among the different treatments of the fractions. Linear Discriminant Analysis (LDA) 4 
effect size (LEFSe) (http://huttenhower.sph.harvard.edu/lefse/) was used to identify 5 
differentially abundant taxa (biomarkers) in each sample group [62] of MG and MT with P-6 
value < 0.05 and LDA score > 3.0. Furthermore, we used Venn diagram plotter available at 7 
http://bioinformatics.psb.ugent.be/webtools/Venn/ to identify differentially abundant genera 8 
(abundance >0.1%) among the MG and MT dataset during three sequential dietary regimes. 9 
Results 10 
Metagenome and metatranscriptome data 11 
We analysed a total of 35.39 million reads (7.51 GB) of metatranscriptome and 35.69 12 
million reads (7.97 GB) of metagenome data with an average of 737,367 and 743,556  13 
sequences per sample for taxonomic and functional classification using MG-RAST 14 
(Supplementary table T1). Rarefaction curve for each sample of MG and MT data is depicted 15 
in Supplementary fig. 2 A & D. In the case of metatranscriptome, sequences generated are 16 
sufficient to define the rumen microbial community, while it is bit inadequate in the case of 17 
metagenome data. Distinct clusters for each treatment of MT and MG data (Supplementary fig. 18 
Supplementary fig. 2 B, C, E & F) indicated that rumen bacterial community shifts according 19 
to the change in the diet composition.  20 
  21 
Taxonomic and functional classification of rumen microbial community using 22 
metagenome shotgun sequencing  23 
PCoA based on taxonomic (species level) and function (KO) profile revealed distinct clustering 24 
of samples from solid and liquid fraction of the rumen content, which was expected 25 
(Supplementary fig. S3 A & B). Moreover, statistical analysis using PERMANOVA showed 26 
significant difference (P= 0.001) among the two groups, indicating diverse bacterial 27 
communities in the liquid and solid content. When we analysed only the liquid fractions of 28 
each dietary treatment, PCoA showed overlapping clusters (Supplementary fig. S3 C & D) with 29 
no significant difference between the three groups (P = 0.469; PERMANOVA). However, the 30 
structure of microbiota across the three different groups of the solid fraction was significantly 31 
different (Supplementary fig. S3 E & F, P = 0.001; PERMANOVA). This indicates that as 32 
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proportion of roughage increased in the diet, microbial community was altered especially in 1 
the solid fraction of the rumen. 2 
Phylum level analysis of Gir cattle rumen microbiome is shown in Supplementary fig. 3 
S4 and Supplementary table T2A. Among the different phyla, Bacteroidetes, Fibrobacteres, 4 
Lentisphaerae and Verrucomicrobia were most abundant in the liquid fraction whereas, 5 
Firmicutes and Actinobacteria were higher in the solid fractions. Moreover, the proportion of 6 
these phyla were significantly different (corrected P value < 0.05) across the liquid and solid 7 
fractions of the three dietary treatments. In the liquid fractions of each treatment, the proportion 8 
of Proteobacteria and Spirochaetes was increased while the abundance of Actinobacteria was 9 
decreased as roughage amount increased in the diet. On the other hand the percentage of 10 
Bacteroidetes and Firmicutes remained almost similar in the liquid fraction across the three 11 
treatments. In the three solid fractions, the percentage of Bacteroidetes was increased while 12 
this of Firmicutes and Spirochaetes was decreased as roughage increased in the diet. 13 
Classifying the Gir cattle rumen microbiome at genus level, showed that Clostridium, 14 
Ruminococcus, Eubacterium, Butyrivibrio, Bacillus, Roseburia and several other genera were 15 
in higher percentage in the solid fraction compared to the liquid fraction whereas, Prevotella, 16 
Bacteroides, Parabacteroides, Paludibacter and Victivallis were abundant in the liquid 17 
fraction. Furthermore, in the solid fractions, the percentage of Prevotella (16.74-27.5%), 18 
Parabacteroides (1.64-1.94%) and Flavobacterium (0.41-0.52%) increased whereas the 19 
abundance of Clostridium (11.83-9.01%), Eubacterium (5.07-4.3%), Streptococcus (0.62-20 
0.52%) and Faecalibacterium (1.0-0.57) decreased with increased in roughage quantity. 21 
Across the liquid fractions, the proportions of Clostridium (3.88%), Fibrobacter (3.39%), 22 
Parabacteroides (2.45%), Ruminococcus (2.07%), Eubacterium (1.88%), Paludibacter 23 
(1.74%) and Butyrivibrio (1.54%) were the highest during the first dietary treatment (G1) (Fig. 24 
1A and Supplementary table T2B). Considering the effect of green and dry roughage, 25 
Prevotella was found to be more prominent when animals were fed green roughage compared 26 
to dry roughage. This has the reverse effect on Fibrobacter. The percentage of Bacteroides was 27 
almost the same in both types of roughage while some genera depicted in Fig. 1B and 28 
Supplementary table T2C showed variation with different proportions of green and dry 29 
roughages although the difference was not statistically significant (P>0.05). 30 
Looking into the different functional KO categories encoded by this bacterial 31 
community, within the metabolism category at level 2, amino acid and carbohydrate 32 
metabolism was most abundant in all treatments of liquid and the solid fractions. However, 33 
statistical analysis revealed that these categories differed significantly only in the liquid 34 
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fractions of each treatment (Supplementary table T3A; P < 0.01). At level 3 of carbohydrate 1 
metabolism category, in the solid fraction, the proportion of reads related to fructose and 2 
mannose metabolism (PATH:ko00051) and pyruvate metabolism (PATH:ko00620) increased 3 
significantly (P<0.05) as roughage proportion  increased (Fig. 1C, Supplementary table T3C). 4 
While looking into environmental information processing category al level 2, in the solid 5 
fractions, reads assigned to signal transduction category increased (P <0.05) as roughage 6 
proportion increased (Supplementary table T3D). In the case of cellular process at level3, none 7 
of the categories showed much variation across the three treatments (Supplementary table 8 
T3E). While looking at the effect of the type of roughage (green and dry), no much variation 9 
was observed in the overall metabolism and carbohydrate metabolism (P > 0.1) 10 
(Supplementary fig. S5). 11 
 12 
Taxonomic and functional classification of rumen metatranscriptome  13 
Similarly, in the case of metatranscriptome data, as expected, PCoA showed distinct clusters 14 
for each samples of liquid and solid fractions (Supplementary fig. S6 A&B; PERMNOVA, P 15 
= 0.001. However, when analysed for each dietary treatment, similar to metagenome data, we 16 
observed overlapping clusters in the liquid fraction with PERMANOVA, P = 0.002 17 
(Supplementary fig. S6 C & D). For the solid fraction, PCoA revealed distinct clusters for each 18 
treatment for taxonomy while G1 and G3 overlaps in case of functions (Supplementary fig. S6 19 
E & F) however, with significant difference between the three dietary groups (PERMANOVA, 20 
P = 0.002). Except Bacteroidetes, all the phyla differed significantly (corrected P value <0.05) 21 
between solid and liquid fraction of MT data (Fig. 2A, Supplementary table T4A). As roughage 22 
amount increased in diet, number of reads assigned to the genus Butyrivibrio (4.37, 6.93, & 23 
7.23%), Roseburia (0.7, 1.82 & 1.91%), Caldicellulosiruptor (0.43, 0.98 & 1.84%) and 24 
Unclassified Clostridiales (0.27, 0.54 & 0.63%) increased in the solid fractions. In the liquid 25 
fractions many genera viz. Clostridium, Parabacteroides, Unclassified Bacteroidetes and 26 
Lactobacillus decreased as roughage proportion increased (Fig. 2B, Supplementary table T4B). 27 
On comparison of both the roughage treatment, bacteria belonging to the genera Eubacterium, 28 
Ruminococcus, Roseburia and Caldicellulosiruptor increased whereas, Bacteroides, 29 
Parabacteroides, Paludibacter and Unclassified Bacteroidetes decreased as the proportion of 30 
dry roughage increased in the diet. During green roughage, Clostridium (9.58%), Eubacterium 31 
(6.1%) and Butyrivibrio (5.03%), Ruminococcus (4.76%), Paludibacter (1.82%), Bacillus 32 
(0.94%) and Roseburia (0.98%) dominated in the G1 treatment (Fig. 2C, Supplementary table 33 
T4C). 34 
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In contrast to metagenome data, where amino acid metabolism was the most abundant 1 
category, in metatranscriptome data, carbohydrate metabolism was the most abundant category 2 
followed by amino acid metabolism (supplementary table T5A). Furthermore, at level3, 3 
pyruvate metabolism [PATH:ko00620], starch and sucrose metabolism [PATH:ko00500], 4 
butanoate metabolism [PATH:ko00650] and inositol phosphate metabolism [PATH:ko00562] 5 
dominated in solid fractions as compared to liquid. Moreover, butanoate metabolism increased 6 
as roughage amount increased in the diet (Fig. 2D). Within the environmental information 7 
processing category at level 2 the scenario for membrane transport and signal transduction in 8 
the solid fraction was reverse as it was observed in the metagenome dataset (supplementary 9 
table T5B). In the same category at level 3, ABC transporters [PATH:ko02010], and two-10 
component system [PATH:ko02020] increased in the solid fraction as roughage increased  11 
(Supplementary table T5C). Within cellular process category at level 3, flagellar assembly 12 
[PATH:ko02040] related genes increased while genes related to bacterial chemotaxis 13 
[PATH:ko02030] decrease (P <0.05) in the solid fractions as roughage increased 14 
(Supplementary table T5D). In case of metatranscriptome too, type of roughage (green and 15 
dry) does not revealed significant impact on metabolism and carbohydrate metabolism (P > 16 
0.5) (Supplementary fig. S7).  17 
Expression of CAZy family genes 18 
Regarding the of CAZy expression profiles, in the solid fractions: a) in the G2 treatment, 19 
expression of various glycoside hydrolases, including cellulases [GH5 (CAL91974.1), GH9 20 
(AEX9271.8) and GH45 (ACX75024.1)], hemicellulase [GH11 (AEQ15463.1)], 21 
xylanoglucanase [GH16 (AHW59387.1)] as well as various carbohydrate binding modules 22 
[CBM3 (CAL91977.1), CBM14 (AJO25038.1), CBM18 (BAB21577.1), CBM22 23 
(AAT48119.1), CBM46 (ADU29456.1) & CBM63 (AKT42641.1)] was the highest compared 24 
to the other two treatments; b) in the G2 treatment, oligosaccharide degrading and debranching 25 
enzymes such as GH31 (AHF24694.1), GH77 (CBL24834.1) and CBM50 (CDI50176.1) was 26 
higher;  c) in G1 treatment, expression of genes encoding for various carbohydrate binding 27 
modules, CBM13 (ADL52958.1), CBM77 (AIQ50255), CBM79 (ERJ89368.1) was higher 28 
(Supplementary fig. 8A, Supplementary table T6). 29 
 In the liquid fractions mainly oligosaccharide degrading and debranching enzymes 30 
expressed: a) in the G3 treatment, oligosaccharide degrading enzymes, GH13 (CRY95540.1, 31 
AEW20948.1, ADE81350.1), GH18 (ABY40380.1), GH39 (EEV37797.1); b) in the G2 32 
treatment, during G2 treatment, GH10 (ALJ61518.1), GH13 (ADE82909.1), GH51 33 
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(ACM91037.1) and c)  in G1 treatment, GH10 (AFU34339.1), GH13 (CAL92192.1), GH23 1 
(AGZ39466.1), GH27 (ABE81161.1) and GH32 (CCE82332.1) all these are oligosaccharide 2 
degrading and debranching enzymes as well as CBMs, CBM37 (ADU23820.1), CBM13 3 
(AIG56282.1), CBM22 (AAT48119.1) and CBM20 (CBZ54209.1) expressed at high extent. 4 
(Supplementary fig. 8B, Supplementary table T7).  5 
 6 
Comparison of Gir cattle rumen metagenome and metatranscriptome  7 
Since, the main objective of this study was to identify the active ruminal bacterial community, 8 
therefore we compared both the proportion of bacteria and their function in the MT and MG 9 
dataset. PCoA illustrated remarkable differences between MG and MT datasets in both 10 
taxonomic and functional profiles in the Gir cattle rumen (Supplementary fig. S9A & B). As 11 
was expected, the liquid and solid fractions of MT and MG datasets formed separate clusters 12 
(Supplementary fig. S9 C & D), suggesting the presence of huge variation between the detected 13 
bacterial community and their ‘active’ participation in the rumen.  Abundance of Firmicutes, 14 
Proteobacteria and Actinobacteria was higher in metatranscriptome data. Conversely, 15 
Bacteroidetes and Fibrobacter were higher in metagenome data (Supplementary fig. S10).  16 
Comparison of alpha diversity indices for the liquid and solid fractions of each 17 
treatment for metagenome and metatranscriptome dataset are presented in the supplementary 18 
table T8. In both datasets, the index dominance (D) was found to be increased as roughage 19 
proportion increased in the diet with the exception of the liquid fraction in the MG. This 20 
observation was also supported by the decrease in overall bacterial diversity based on Renyi 21 
index in the solid fraction (Supplementary fig. S11). 22 
The abundance of Proteobacteria, Spirochaetes, Fibrobacteres, Thermotogae 23 
Treponema and Rhodospirillum was higher in the solid fractions of the MT compared to MG 24 
dataset across all the three treatments. In addition, the abundance of Firmicutes and 25 
Actinobacteria as well as the genera such as Clostridium, Ruminococcus, Eubacterium, 26 
Butyrivibrio, Roseburia, Bacillus, Alkaliphilus, Atopobium, Lactobacillus and 27 
Caldicellulosiruptor was higher in the MT dataset during G1 and G3 treatments. (Fig. 3A & 28 
3B). Species level analysis (> 1% abundance) revealed that, Clostridium proteoclasticum, 29 
Ruminococcus albus, Eubacterium rectale, Clostridium phytofermentans, Clostridium 30 
saccharolyticum, Clostridium thermocellum, Eubacterium eligens, Ruminococcus 31 
flavefaciens, Roseburia inulinivorans, Roseburia intestinalis were highly active in the solid 32 
fraction of MT data (Supplementary table T9A).  33 
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Regarding the liquid fraction Proteobacteria and Spirochaetes were more abundant in 1 
the MT dataset, while Fibrobacteres, Lentisphaerae and Verrucomicrobia were higher in the 2 
MG dataset (Fig. 3C). At genus level, Bacteroides, Parabacteroides, Porphyromonas, 3 
Paludibacter, Unclassified Bacteroidetes, Treponema and Candidatus Azobacteroides were 4 
higher in the MT dataset across all the three dietary treatments. Conversely, Prevotella, 5 
Fibrobacter, Ruminococcus and Victivallis were higher in the MG dataset (Fig. 3D). Species 6 
level analysis (> 1% abundance) revealed that, several Bacteroides species, Paludibacter 7 
propionicigenes, Porphyromonas gingivalis and Eubacterium rectale were highly active in the 8 
liquid fraction of the MT dataset (Supplementary table T9B).  9 
Comparison of the functional profiles of the MT and MG datasets revealed several 10 
important functional categories highly transcribing in the rumen bacteria community. In the 11 
solid fraction, carbohydrate metabolism category and within this pyruvate metabolism 12 
[PATH:ko00620], and inositol phosphate metabolism [PATH:ko00562] were more abundant 13 
in the MT compared to the MG dataset (Fig. 4A & 4B). In addition, butanoate metabolism 14 
[PATH:ko00650] was increased G3 treatment (Fig. 4B). In the liquid fractions, apart from 15 
carbohydrate metabolism, other functional categories that the bacteria were found to be actively 16 
involved were energy and lipid metabolism (Fig. 4C). Genes related to cell motility, bacterial 17 
chemotaxis [PATH:ko02030] and flagellar assembly [PATH:ko02040] progressively 18 
increased from the G1 to G3 treatment in both , the liquid and solid fraction of the MT dataset 19 
(Supplementary fig S12 A,  B, C & D). In the environmental information processing category 20 
in the solid fraction signal transduction was abundant while membrane transport was less 21 
during three treatments while it was reverse in liquid fraction.  22 
 23 
LEFSe analysis identified in the solid fraction 32 taxa (7 genera) and in the liquid 24 
fractions 13 taxa (4 genera) with significant difference among the six treatment groups (i.e. all 25 
the dietary treatments of both MG and MT datasets) (Fig. 5A , 5B,C & D), (P < 0.05 and LDA 26 
score > 4.0). When MG and MT datasets were compared, irrespectively of the dietary 27 
treatments, 14 taxa (4 genera) (Supplementary fig. S13A) and 10 taxa (3 genera) differed 28 
significantly (P< 0.05 and LDA score > 4.0) (Supplementary fig. S13B) in the solid and liquid 29 
fractions, respectively. Moreover, when only genus with abundance >0.1% were analysed, 38, 30 
14 and 30 genera were exclusively present in the G1, G2 and G3 in the MT dataset, while 15, 31 
1 and 3 genus were solely present in the MG dataset (Fig. 5E, also see Supplementary table 32 
T10). 33 
  34 
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Discussion 1 
The host digestive enzymes and ruminal microbes are responsible for the digestion of plant 2 
fibres ingested by ruminants. Previous research has focused on various aspects of rumen 3 
microbial ecology and several studies have been conducted aiming to understand the 4 
microbiome composition and their function in the rumen in order to enhance feeding efficiency 5 
[26, 34, 39].  In the present study, we performed both metagenome shotgun and 6 
metatranscriptome sequencing to explore the active community in the rumen and understand 7 
in depth how ruminal microbes respond to different roughage /-concentrate proportions diets 8 
in the Gir cattle. 9 
We found that different proportions of roughage in the diet affected both microbiome 10 
composition and their function in the rumen, especially in the solid fraction. These differences 11 
among the liquid and solid fraction identified in the MT dataset, and to a lesser extent in MG, 12 
suggested that there is a special role of specific bacteria in the fibre degradation and subsequent 13 
fermentation of released building blocks of different plant polymers. This results are in 14 
accordance with previous studies of rumen [15, 48, 53, 67, 78]. The shift in the microbial 15 
population observed during the different diet treatments suggested that different rumen bacteria 16 
show a preference for specific substrates and their abundance changes accordingly. These 17 
results are in accordance with previous studies in which animals were offered different 18 
roughage proportions [42, 69]. Moreover, green and dry roughages revealed almost similar 19 
profiles of rumen bacterial composition suggesting that the proportion of roughage and not the 20 
type (dry or green) affect the microbial population.  21 
The primary role of the ruminal bacteria is to degrade the plant polysaccharides using 22 
potent hydrolytic enzymes.  Our previous studies with different breeds of buffaloes [42, 47] 23 
and cattle [15] revealed that glycosyl hydrolases (GH) is the actively engaged CAZy family in 24 
the rumen microbes. In Gir cattle rumen, cellulolytic and xylan degrading fibrolytic enzymes 25 
(GH5, GH9, GH11, GH16 & GH45) were highly expressed in the solid fraction when the 26 
animals were provided 100% roughage in their diet. Interestingly, our findings are in 27 
accordance with previous studies of different cattle breeds [20, 66, 74], although they were fed 28 
with different diets which is rich in fibres. However, our findings diverse from those reported 29 
in buffalo [22] probably because of differential host-microbiota interaction since one is cattle 30 
and another is buffalo. However, further comparative study between cattle and buffalo is 31 
required in this direction. Moreover, since higher expression of cellulase, xylan and chitin 32 
binding modules further aids in the hydrolysis of different plant polymers would be expected 33 
that as fibre content increases in the diet, the expression of fibrolytic enzymes in the rumen 34 
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bacteria would also increase. GH13 gene family, which is mostly consisting of a diverse group 1 
of amylases, was constantly expressed in the liquid fraction during the three treatments. As 2 
explained previously [43] in the rumen, alpha amylases break down starch into water soluble 3 
dextrins and oligosaccharides which cannot be further hydrolysed by this enzyme. Hence, over 4 
expressed GH13 family enzymes in the liquid fraction might be debranching enzymes 5 
including pullulanase and iso-amylase.  6 
The comparison of taxonomic and functional profiles of MG and MT dataset revealed 7 
many remarkable differences which suggested that not only the bacterial abundance but their 8 
dynamism is important. For example, in the MG solid fraction most of the phyla were lower in 9 
proportion compared to MT; although, their abundance was lower, they were metabolically 10 
very active. In contrast, the higher proportion of Bacteroidetes (in G1 and G2 treatments), 11 
Firmicutes & Actinobacteria (in G1 treatment) and Fibrobacteres (in G2 Treatment) identified 12 
in the MG compared to MT dataset suggested that  they were less active metabolically during 13 
the respective diet treatments. 14 
Prevotella ruminicola was found to be the most abundant species in our study (both in 15 
the liquid and solid fraction). This result is in accordance with previous rumen metagenome 16 
studies [22, 45, 69]; however, we found that it was not very metabolically active. Instead, 17 
Bacteroides, Parabacteroides, Candidatus Azobacteroides, Paludibacter (species 18 
propionicigenes), Porphyromonas, Flavobacterium, Capnocytophaga (all belonging to phyla 19 
Bacteroidetes) were more active especially in the liquid fraction. Apart from Bacteroides, 20 
Paludibacter have been reported in several cattle rumen studies [8, 24, 28, 32, 51], however, 21 
their special function in rumen remain unclear. Paludibacter propionicigenes have been also 22 
observed in sheep fore stomach [50]. This bacterium can utilize various sugars and produce 23 
propionate and acetate as major fermentation products [70] and their higher proportion in the 24 
rumen MT dataset suggest that this bacterium might play an important role in the fermentation 25 
of various. Similarly, in the solid fraction several fibrolytic bacteria such as Clostridium, 26 
Ruminococcus, Eubacterium, Butyrivibrio, Roseburia, Treponema, Caldicellulosiruptor, and 27 
Rhodospirillum were found to be major fibre degraders. In the study of Huws et al., 2016, 28 
Clostridium, Ruminococcus, Eubacterium, Butyrivibrio, Roseburia and other bacteria reported 29 
to remain attached to the feed and be in higher proportion during rumen incubation(post 2-4 h) 30 
[17]. The species of Caldicellulosiruptor, which found are thermophilic cellulolytic bacteria 31 
[56] capable of degrading plant bio mass using various glycoside hydrolases [3, 7, 36, 60, 71]. 32 
The higher proportion of reads assigned to this genus in our MT dataset implies that plays 33 
crucial role in plant fibre degradation in rumen along with the species of Clostridium, 34 
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Ruminococcus and Roseburia. Moreover, Treponema, is a pectin lytic Spirochetes that has also 1 
been detected in previous rumen studies [1, 33, 46] and it has been reported to work 2 
synergistically with cellulolytic bacteria [27]. Furthermore, in the solid fraction, genes related 3 
to carbohydrate metabolism were abundant compared to the liquid fraction in the MT dataset. 4 
This result further indicates that the microbes associated with the solid fraction are actively 5 
engaged in degradation of complex plant carbohydrates into simpler sugars. The higher 6 
proportion of energy metabolism, translation and transcription related genes identified in the 7 
liquid fraction is also indicative of further metabolism of the released sugars in order to provide 8 
available energy to cattle.  9 
Rumen’s bacterial community is modified according to type of nutrient source 10 
available. The LEFSe analysis revealed the presence of regime-associated genera that might be 11 
abundant or active during particular diets. Moreover, higher expression of genes related to cell 12 
motility, bacterial chemotaxis, flagellar assembly and signal transduction was found in the solid 13 
fraction of G3 treatment. All these genes altogether, may be responsible for chemotaxis and 14 
supports the movement of bacteria towards specific feed substrates through the increase 15 
expression of specific signalling pathways. Our findings are also supported by previous study 16 
[54] showing that rumen bacterial communities repeatedly adapt to changes in dietary 17 
composition, nutrient concentration and environmental circumstances. Moreover, our 18 
functional analysis suggested that amino acid metabolism related genes were higher in the MG 19 
dataset. On the other hand, MT dataset revealed that bacteria in the solid fractions were actively 20 
involved in the carbohydrate metabolism, while those in the liquid fraction were engaged not 21 
only in the carbohydrate metabolism but also in energy and lipid metabolism. Higher 22 
abundance of genes related to pyruvate metabolism and butanoate metabolism in the solid 23 
fraction of MT data suggested a crucial role of fibrolytic bacteria (Clostridium, Ruminococcus, 24 
Eubacterium, Butyrivibrio, Roseburia, Treponema, Caldicellulosiruptor) in the degradation of 25 
plant fibre. In addition, the higher expression of inositol phosphate metabolism genes implies 26 
that ruminal bacteria also utilize organic phosphate. Higher expression in the liquid fraction of 27 
membrane transport as well as energy and lipid metabolism related genes was observed. This 28 
suggested that the liquid fraction bacterial community actively converts the degraded plant 29 
polysaccharide into useful energy for both themselves and host.  30 
 31 
Conclusion 32 
The present study revealed that metagenomics (MG) analysis alone is inadequate to 33 
understand in depth the cattle rumen bacterial community and their functions. We coupled with 34 
16 
 
metatranscriptomics (MT) analysis in order to get a better understanding of bacterial 1 
community dynamics in the rumen. In conclusion, we observed that varying proportions of 2 
roughage in the diet modulate the bacterial population within the cattle rumen. Although 3 
Prevotella were found to be the most abundant genera in the rumen, they are less metabolically 4 
active compared to Bacteroides, Parabacteroides, Candidatus Azobacteroides, Paludibacter 5 
(species propionicigenes), Porphyromonas, Flavobacterium and Capnocytophaga within 6 
Bacteroidetes group. Several fibrolytic species belonging to bacterial genera Clostridium, 7 
Ruminococcus, Eubacterium, Butyrivibrio, Roseburia, Caldicellulosiruptor, Rhodospirillum 8 
and Treponema were found to be the major fibre degraders. Moreover, fibre degrading enzymes 9 
were expressed more in the solid fraction compared to the liquid fraction of digesta.  10 
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Figure legends:  1 
Fig. 1: Error bar plot depicting microbial community composition in (A) liquid and solid 2 
fraction; (B) green and dry roughage and (C) functional classification of the carbohydrate 3 
metabolism category (L2) at level3 among the liquid and the solid fractions of cattle rumen 4 
digesta using metagenome sequencing. Taxonomic and functional (bacterial hits only) 5 
assignment was performed against RefSeq and KO database, respectively with minimum E-6 
value 1E-5 and minimum identity of 70% using MG-RAST. MG stands for metagenome, G1 7 
(50% roughage), G2 (75% roughage) and G3 (100% roughage) in the diet. 8 
Fig. 2: Error bar plot showing microbial community composition (A & B) at phylum and genus 9 
level, respectively among the liquid and the solid fractions; (C) green and dry roughage and 10 
(D) functional classification carbohydrate metabolism (L2) at level3 among the liquid and solid 11 
fraction of cattle rumen digesta using metatranscriptome sequencing. Taxonomic and 12 
functional (bacterial hits only) assignment was performed against RefSeq and KO database, 13 
respectively with minimum E-value 1E-5 and minimum identity of 70% using MG-RAST. MT 14 
stands for metatranscriptome, G1 (50% roughage), G2 (75% roughage) and G3 (100% 15 
roughage) in the diet. 16 
Fig. 3: Error bar plot depicting the differential microbial community composition at genus and 17 
phylum level in the solid and the liquid fractions of metagenome (MG) and metatranscriptome 18 
(MT) data during three sequential dietary treatments. A & B for the solid fractions and C & D 19 
for the liquid fractions of the cattle rumen digesta. Taxonomy was assigned using RefSeq with 20 
minimum E-value 1E-5 and minimum identity of 70% using MG-RAST. G1 (50% roughage), 21 
G2 (75% roughage) and G3 (100% roughage) in the diet. 22 
 23 
23 
 
Fig. 4: Differences in the functional categories in the solid and the liquid fractions of the 1 
metagenome (MG) and metatranscriptome (MT) data during three sequential dietary 2 
treatments. A) metabolism category (solid fractions) at level2, B) carbohydrate metabolism 3 
category at level3 (solid fractions) and C) metabolism category at level2 (liquid fractions 4 
Functional assignment (bacterial hits only)  was performed against KO database with minimum 5 
E-value 1E-5 and minimum identity of 70% using MG-RAST. G1 (50% roughage), G2 (75% 6 
roughage) and G3 (100% roughage) in the diet. 7 
 8 
Fig. 5: Differential biomarkers among the three dietary treatments of metagenome and 9 
metatranscriptome data. (A) & (B) represents cladogram and histogram, respectively for solid 10 
fractions of the two datasets (MG & MT) and (C) & (D) represents cladogram and histogram, 11 
respectively for liquid fractions of MG and MT dataset. Differentially abundant genera as 12 
biomarkers was determined using Kruskal-Wallis test (P < 0.05) with LDA score > 3.0. 13 
Cladogram represents the differentially abundant families and genera (only top 40% are plotted 14 
hare). The root of the cladogram denotes the domain bacteria. The taxonomic levels phylum 15 
and class are labelled, while family and genus are abbreviated. The size of each node represents 16 
their relative abundance. (E) Represents the differentially abundance genera (> 0.1%) amongst 17 
the six groups. G1 (50% roughage), G2 (75% roughage) and G3 (100% roughage) in the diet. 18 
MG and MT stands for metagenome and metatranscriptome, respectively. 19 
